Macroporous SiC ceramics were obtained from porous phenylene-bridged polysilsesquioxane prepared by a sol-gel method accompanied by spinodal decomposition subsequently subjected to the intramolecular carbothermal reduction. By this method, we can obtain macroporous SiC ceramics with improved atomic-level homogeneity and controlled pore size more easily than by intermolecular carbothermal reduction using the mixture of SiO 2 and carbon powder. Therefore, the resultant SiC ceramics have sufficiently high purity without washing with hydrofluoric acid to removal processes of residual SiO 2 .
Introduction
Porous SiC ceramics attract a lot of attention in the applications of structural ceramics, catalyst supports and various filters on account of their unique characteristics such as low density, high thermal shock resistance and good chemical stability at high temperature. [1] [2] [3] [4] Hence, there have been many studies on the preparation of porous SiC ceramics, [5] [6] [7] [8] [9] including monolithic macroporous SiC. [10] [11] [12] [13] Most of these studies utilize the combination of the replica method and the intermolecular carbothermal reduction of SiO 2 and carbon sources. For example, macroporous carbons derived from cellular structures of woods used as replica [10] [11] [12] and polymer beads were used as both of carbon source and templates. 13, 14 Conversely, Sonnenburg et al. reported that macroporous SiO 2 monoliths used as replica and carbon source impregnated in the pores converted to porous SiC. 15 These methods that utilize intermolecular carbothermal reduction, however, require subsequent removal of unreacted SiO 2 to obtain highly pure SiC because SiO 2 are poorly incorporated with carbon. From the viewpoint of the degree of mixing of Si, O and C atoms, the intramolecular carbothermal reduction must be better to attain high purity. There have also been some reports on the fabrication of SiC by intramolecular carbothermal reduction, using various organosilicon precursors such as polycarbosilane and polysilazane. [16] [17] [18] [19] However, there are few reports on the monolithic SiC with well-defined macropores prepared by intramolecular carbothermal reduction 20 because it is very difficult to synthesize these precursors in a monolithic shape and to control the gelation.
In this work, we prepared macroporous SiC monoliths from polysilsesquioxane, which is easily synthesized by a sol-gel method.
The precursor gels were prepared from phenyl-bridged alkoxysilane by a sol-gel transition accompanied by phase separation.
According to the thermogravimetric analysis under argon atmosphere, the precursor gels display a characteristic tendency compared to the other precursors reported previously. Therefore, the reaction from the polysilsesquioxane gels to SiC ceramics was investigated by FT-IR and X-ray diffraction measurements. The resultant SiC monoliths have the uniform macropores, which were inherited from the precursor gels, and the smaller pores formed as interstices of SiC crystals. Furthermore, the SiC monoliths have high purity without washing with, e.g.
hydrofluoric acid, to remove unreacted SiO 2 .
Experimental
1,4-bis(triethoxysilyl)benzene (BTEB) was purchased from Sigma-Aldrich Co. (USA).
N,N-dimethylformamide (DMF) was purchased from Kishida Chemical Co., Ltd. (Japan). 65
wt % aqueous solution of nitric acid (HNO 3 ) and urea were purchased from Hayashi Pure Chemical Industry Ltd. (Japan). Pluronic F127 (PEO 106 -PPO 70 -PEO 106 ) was obtained from BASF Co. (Germany). All reagents were used as received.
In a typical synthesis, F g (F was varied form 0.25 to 0.55) of Pluronic F127 was dissolved in the mixture of 2.5 mL of DMF and 0.25 mL of 1 M HNO 3 aq. After the complete mixing, the obtained homogeneous solution was cooled at 0 °C and 1.0 mL of BTEB was added dropwise.
Then, the temperature was raised to 60 °C to dissolve the precipitated F127 and the resultant solution was kept at 60 °C for about 5 min for gelation and for another 24 h for aging. In order to strengthen the gel skeleton, the wet gels thus obtained were hydrothermally treated in 1 M aqueous urea at 120 °C for 24 h after washing with ethanol, and were subsequently dried at 60 °C for 24 h, resulted in the dried gels. For the selected sample (F = 0.40), the dried gels were heat-treated at different temperatures for 4 h with a heating rate of 4 °C·min . The samples which were heat-treated at 300 °C for 4 h to remove remaining F127 and other organics were used as the specimens for mercury porosimetry, nitrogen adsorption-desorption measurement and TG-DTA. The FT-IR spectra were recorded on an FT-IR spectrometer (FT-IR-8300, Shimadzu, Japan) using ground samples that were mixed with KBr to give a 1 wt % sample. A total of 100 scans were recorded with a resolution of 4 cm
1
. The crystal structure was confirmed by powder X-ray diffraction (RINT Ultima III, Rigaku Corp., Japan)
using CuK  ( = 0.154 nm) as an incident beam.
Results and discussions
The carbothermal reduction of bridged polysilsesquioxane (Si 2 O 3 C x H y ) ideally follows the scheme below:
Based on this reaction, the molar ratio of C/Si in the polysilsesquioxane should be more than 5/2 in order to obtain SiC with high purity. Therefore, phenyl-bridged polysilsesquioxane, in which C/Si ratio is 3, was employed as a precursor in the present work. Brandhuber et al. have
successfully synthesized the macroporous phenyl-bridged polysilsesquioxane monoliths with ordered mesopores though they did not aim to convert to SiC. 21 They first converted the phenyl-bridged alkoxysilane to the ethylene glycol-modified one in order that the gelation occurred in the water-based solvent utilizing micelle template to form ordered mesopores.
However, in this study, ordered mesopores in the precursor gels are of less importance because formed mesoporous structure would be collapsed when SiC crystallites grow during heat treatment. Therefore, we have developed the more simple method where macroporous polysilsesquioxane was directly prepared from the bridged alkoxysilane by using DMF as the solvent.
The colorless and transparent phenyl bridged-polysilsesquioxane gels were obtained when no F127 was added. As the amount of F127 increases, the appearance of as-gelled wet specimens becomes opaque white. Fig. 1 (a) -(g) depict the SEM images of the dried gels prepared with varied F. As F is increased, the gel morphology changes from no large macropores, through co-continuous structure, to particles aggregates. The macroporous structures of the samples become coarser with increasing amount of F127 due to the hydrophobic-hydrophilic repulsive interaction between solvent mixtures and F127 adsorbed on polysilsesquioxane as previously reported for the phase-separating SiO 2 sol-gel systems.
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When F is too small, phase separation does not occur effectively until gelation, which results in the nonporous gels in the micrometer range as shown in Fig. 1 (a) . On the contrary, when F increases dramatically, phase separation develops into coarser length scale and the minor phase of co-continuous structures begins to fragment into spherical particles as shown in Fig. 1 (g ). When F is set at the intermediate value between these extremes, the pore structure is frozen into the co-continuous structure, in which each of the gel skeletons and the pores is three-dimensionally interconnected in the length of micrometers as shown in Fig. 1 (b)-(f) . Fig. 1 (h) represents the appearance of the monolithic macroporous gel with a centimeters scale. Fig. 2 shows the pore size distributions of the polysilsesquioxane samples heat-treated at 300 °C for 4 h measured by mercury porosimetry. Each of the gels except for the sample with F = 0.25, which has no co-continuous structure, possesses a sharp pore size distribution. As F increases, the pore structure becomes coarser because phase separation is enhanced and the pore diameter increases. The pore size is controlled between 100 nm to 1.5 μm by adjusting F.
The result of TG-DTA analysis for the polysilsesquioxane gel under air flow (broken line) and an argon atmosphere (solid line) is shown in Fig. 3 . The weight losses below 100 °C are due to the evaporation of physically adsorbed water. In an air atmosphere, the pyrolysis of the organic region in the gel begins at about 400 °C and turned to SiO 2 around 650 °C. On the other hand, in an inert atmosphere, three weight-loss stages were observed at 400-800 °C, at 800-1200 °C and over 1300 °C. The weight loss from 400 °C to 800 °C is about 20 wt % and that from 800 °C to 1200 °C is about 15 wt % while the further loss above 1200 °C is 3 wt %.
This pyrolysis behavior is, of course, different from that of other SiC precursors. [24] [25] [26] [27] To find out what happened at each temperature, FT-IR and XRD measurements were conducted on the samples heat-treated in an argon atmosphere as shown in Fig. 4 
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There is no large difference in the FT-IR spectra between 700 °C and 1200 °C though the weight of the sample decreases around this temperature as shown in Fig. 3 . Therefore, only carbons with polyaromatic rings, which show no distinct peaks in the FT-IR spectrum, are formed as a result of pyrolysis, and the species containing Si and O as a major constituent do not react except redistribution reaction. This is evidenced by the fact that the color of the sample heat-treated at 900 °C for 4 h is white indicating that the sample contains almost no carbons. The absorption peak around 800 cm
1
shifts to the larger wavenumbers and the peak strength increases at over 1300 °C. Besides, the intensity of the absorption peaks around 470 cm
and 1090 cm 1 decreases above 1300 °C. This is obviously due to the carbothermal reduction. However, the weight loss of the sample from 1200 °C to 1500 °C is small as shown in Fig. 3 . This is because the carbothermal reduction occurs as follows;
and the reaction (2) is relatively slow. Therefore, the weight loss is relatively small during the short time of TG measurement. The FT-IR spectrum of the sample heat-treated at 1500 °C shows that there are almost no peaks around 470 and 1090 cm 1 and only the broad peak around 835 cm
is observed, that is, the sample consists of mainly SiC. The X-ray patterns in Fig. 4 (b) shows that only a broad peak centered around 2θ = 22 °, which derives from amorphous silica and carbon, is observed when the precursors were heat-treated at 1200 °C for 4 h. The respectively. The SEM pictures show that the macroporous structure hardly changed by high heat-treatment temperature. It is found from FE-SEM pictures, however, that the particles in the sample skeletons become coarser as heat-treatment temperature increases. This is due to the fact that the SiC crystals grow in the skeletons as heat-treated at higher temperatures. The detailed pore characters of the samples are measured by mercury porosimetry and nitrogen adsorption as shown in Fig. 6 (a) and (b). It is found that macropores with sharp distributions are retained after the heat treatment and the macropore sizes are almost the same among the samples heat-treated at different temperatures. On the other hand, the pore diameters of the smaller pores, which appears in the samples heat-treated at over 1300 °C, increase as heat-treatment temperature increases. This is due to the interstices of growing SiC crystals shown in Fig. 5 (b) . The nitrogen adsorption-desorption isotherm shows that the micropores drastically decrease as heat-treatment temperature increases and disappear at over 1300 °C, at which SiC crystals begin to grow up and the large mesopores appear as described above. The consumption of carbons by carbothermal reduction causes the decrease of micropores. 
